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a  b  s  t  r  a  c  t
Strain  rate  (SR)  and  strain  (ε)  in  tissue  Doppler  imaging  provide  new  noninvasive  measurements  of
myocardial  function,  independent  of heart  motion.
This study  assesses  the  extent  of  peri-patch  regional  myocardial  function  after  patch  repair of  ventricular
septal  defect  (VSD).
Myocardial SR  and  ε were  recorded  from  the  peri-patch  myocardium  and  remote  septum  from  patch
area  in 18 patients  (1 month  to 4 years  of age,  mean  2.3 years).  Distance  between  the  patch  and  the  point
of  returning  to remote  normal  strain  (ε)  proﬁle  was measured.
Compared  to the  remote  myocardial  region,  peri-patch  myocardium  had  decreased  peak  longitudi-
nal  SR (−3.8 ± 2.1  s−1 vs. −5.3 ±  3.3  s−1, p <  0.05),  delayed  time  to  peak  longitudinal  SR (144  ± 59 ms  vs.eri-patch region
yocardial function
110 ± 46 ms,  p  <  0.05),  decreased  peak  ε  (longitudinal,  −20.8 ± 8.1%  vs. −28.7 ± 11.1%;  radial,  20.1 ±  16.3%
vs.  34.3  ± 22.4%,  p < 0.01),  and  delayed  time  to  peak  ε (longitudinal,  314  ±  80  ms  vs.  241 ± 63  ms;  radial,
329  ± 99  ms  vs.  265  ± 78 ms,  p <  0.0001).
The  mean  distance  from  the  patch  to  the remote  patch  ε  curve  was 2.55 ± 0.77  mm.
Conclusion:  Peri-patch  myocardium  after  repair  of  VSD  has delayed  and  diminished  contraction  as com-
pared  to more  remote  normal  myocardium.
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Non-invasive assessment of ventricular function in children
ould beneﬁt from a technique that would characterize local
yocardial deformation [1–6].
Myocardial wall velocities using tissue Doppler have been
roposed as an advanced non-invasive modality of quantifying
egional myocardial function in children [1–9]. However, tissue
oppler myocardial imaging detects regional velocity proﬁles with
espect to the position of the transducer. Such velocities may  be
ffected by cardiac movement and motion by contraction in adja-
ent myocardial segments [10].
In order to surmount this problem, techniques have become
vailable to calculate local strain rate (SR) and strain (ε) from mea-
ured local spatial gradients in myocardial wall velocities [6,11].
hese two parameters are able to characterize regional deforma-
ion of local myocardium. Peak SR represents the maximal velocity
f deformation during systole, and regional systolic strain repre-
ents the magnitude of myocardial deformation from a reference
oint [11].
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In adult patients, regional SR and ε calculation have been shown
to quantify regional myocardial function in ischemic myocardium
and after myocardial infarction [12–14]. In healthy children 4–16
years of age, normal systolic and diastolic longitudinal SR and ε
values from all segments of the left and right ventricles have been
deﬁned [1,6,15,16].
SR and ε have been demonstrated to be homogenous along
the extent of the ventricular septum. The effect of open heart
surgery in congenital heart disease may  have a detrimental effect
on regional myocardial function, but this has not been systemati-
cally explored. Understanding the long- and short-term effects of
myocardial injury by sewing or patch placement could potentially
facilitate improved surgical techniques.
The purpose of this study was  to quantify regional myocardial
function near the ventricular septal patch in repaired ventricular
septal defect (VSD) patients. Myocardial function of the peri-patch
region was compared to the remote septal region which was
assumed to provide a reference value.
Hypothesis1. Normal SR and ε may  be demonstrated at the remote septum far
from the patch.
2. The systolic SR and ε values may  be different at the peri-patch
when compared to the remote myocardium.
vier Ltd. All rights reserved.
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. The time to peak ε may  be different at the peri-patch from the
remote myocardium.
ethods
Color tissue Doppler imaging (TDI) was recorded from paraster-
al long- and short-axis, and apical views in 18 patients (1 month
o 4 years of age, mean 2.3 years of age), at the time of 1 month to 2
ears after patch repair of VSD. Color TDI-derived spectral tracings
f SR and ε were recorded from the peri-patch region, and from the
emote septum of half distance between patch and apex. Peak val-
es and time to peak values were compared between peri-patch
nd remote sites during systole and diastole. The mean distance
etween the patch and the point of returning to remote ε proﬁle
as measured.
atient population
Eighteen patients with ages ranging from 1 month to 4 years
mean 2.3 years) were studied within 1 month to 2 years after patch
epair of VSD. The perimembranous type and the muscular type
f VSDs were included in this study. The sizes of the defect were
–9 mm.
eﬁnition
The two areas of myocardium immediately adjacent to each side
f the patch were deﬁned as the peri-patch area.
The segments of the septum far from the patch but adjacent to
he peri-patch area were deﬁned to be the remote-patch area.
chocardiography
Echocardiographic studies were performed with the use of
 Vingmed System V GE® (Horten, Norway) echocardiographic
achine. Color TDI data were obtained in fundamental mode
2.5 MHz  transducer) during three consecutive heart cycles. The
igital data were recorded from the left ventricle and ventricular
ig. 1. Longitudinal strain at the middle of the patch, and at the point from peri-patch to
For  interpretation of the references to color in this ﬁgure legend, the reader is referred tology 61 (2013) 354–358 355
septum including patch, using standard and modiﬁed parasternal
long-axis view, short-axis view, and apical four-chamber view.
Off-line analysis
Color tissue Doppler myocardial imaging was stored in digital
format and transferred to a computer workstation for off-line anal-
ysis using EchoPac® software (GE Medical Systems, Milwaukee, WI,
USA).
Longitudinal regional myocardial ﬂow velocities were taken
from color ﬂow Doppler tissue loops from the apical views. Radial
regional myocardial ﬂow velocities were recorded from parasternal
views. Color tissue Doppler myocardial imaging-derived spectral
tracings of SR and ε were calculated and recorded from the peri-
patch region, and from the remote septum half distance between
patch and apex.
The distance between two points for measurements of myocar-
dial deformation was  set at 0.4–0.6 cm by EchoPac® software in this
study. These distances were chosen in consideration of spatial sen-
sitivity, although a distance between 0.5 cm and 1.0 cm has been
frequently used in adults [7]. Peak values and time to peak values
were compared between peri-patch and remote myocardium dur-
ing systole and diastole. Finally, the distance between the patch and
return to remote ε proﬁle was measured by progressively moving
the sample site toward apex away from the patch until ε proﬁle
became subjectively similar to the remote proﬁle (Figs. 1–3).
Results
SR and ε of the remote myocardium
Because of lack of established normal values for SR and ε of the
ventricular septum in this age group, the remote values were used
as the patient’s intrinsic reference values for comparison. The peak
value of longitudinal systolic SR, magnitude of peak longitudinal
ε were greater in magnitude and more variable than normal val-
ues for the mid  septum in 4–16 year olds reported by Sutherland’s
group [16] (Table 1; Fig. 4). ε values are less variable and are
closer to the published longitudinal normal values for 4–16 year old
 remote myocardium. Yellow, patch; green, peri-patch; red, remote myocardium.
 the web  version of this article.)
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Fig. 2. Longitudinal strain at the point from peri-patch to remote myocardium. Yellow, patch; red, peri-patch; dark blue, remote myocardium. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 3. Radial strain at the point from peri-patch to remote myocardium. Yellow, patch; red, peri-patch; dark blue, remote myocardium. (For interpretation of the references
to  color in this ﬁgure legend, the reader is referred to the web  version of this article.)
Table 1
Systolic and diastolic strain rate (unit: s−1) and systolic strain (unit: %) for peri-patch and remote ventricular septal longitudinal and radial function.
Strain rate Strain
Systolic Early diastolic Late diastolic Systolic
Longitudinal
Peri-patch septum −3.8 ± 3.1 4.1 ± 1.6 4.0 ± 2.3 −20.8 ± 8.1
Remote  septum −5.3 ± 4.1* 5.6 ± 3.5* 3.4 ± 1.9 −28.7 ± 11.1*
Radial
Peri-patch septum 3.3 ± 1.8 −4.0 ± 3.1 −3.6 ± 3.4 20.1 ± 16.3
Remote  septum 3.8 ± 1.6 −7.0 ± 3.1* −5.7 ± 5.5* 34.3 ± 22.4*
* p < 0.05.
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hildren [16]. Normal values of septal radial strain were not avail-
ble for comparison until now.
R and ε of the peri-patch region
When compared to the more remote myocardium, the peri-
atch region had decreased peak longitudinal SR (peri-patch:
3.8 ± 2.1 s−1; remote: −5.3 ± 3.3 s−1, p < 0.05), delayed time to
eak systolic longitudinal SR (peri-patch: 144 ± 59 ms;  remote:
10 ± 46 ms,  p < 0.01), decreased peak ε (longitudinal, peri-patch:
20.8 ± 8.1%, remote: −28.7 ± 11.1%, p < 0.01; radial, peri-patch:
0.1 ± 16.3%, remote: 34.3 ± 22.4%, p < 0.0001), and delayed time to
eak ε (longitudinal, peri-patch: 314 ± 80 ms,  remote: 241 ± 63 ms;
adial, peri-patch: 329 ± 99 ms,  remote: 265 ± 78 ms,  p < 0.0001)
Table 2). In diastole, the peri-patch myocardium had decreased
eak radial SR (peri-patch: −4.0 ± 3.1 s−1, remote: −7.0 ± 3.1 s−1,
 < 0.01) and increased time to peak SR (peri-patch: 353 ± 91 ms,
emote: 349 ± 109 ms)  (Table 2).
Measured mean distance from patch to ε proﬁle subjectively
imilar to remote spectral proﬁle was 2.55 ± 0.77 mm,  so within
.0–3.5 mm distance from the patch, the ε parameters were demon-
trated to be normal.
iscussion
Some forms of congenital heart disease are likely characterized
y regional abnormalities in myocardial function. Investigation
f regional myocardial function in congenital heart disease has
een limited. Recently, myocardial strain parameters using tissue
oppler velocities have been explored as an effective method for
egional myocardial deformation. Peak SR represents the maximal
elocity of deformation during systole, and regional systolic ε value
epresents the magnitude of myocardial deformation from a refer-
nce point [11]. In normal myocardium of children 4–16 years of
ge, longitudinal myocardial ﬁbers shorten during systole, result-
ng in negative SR of −1.9 ± 0.6 s−1 and ε values of −24 ± 6%. Values
able 2
ime (ms) to peak systolic and diastolic strain rate and systolic strain for peri-patch
nd remote ventricular septal longitudinal and radial function.
Strain rate Strain
Systolic Early
diastolic
Late
diastolic
Systolic
Longitudinal
Peri-patch septum 144 ± 59 371 ± 87 497 ± 148 314 ± 80
Remote septum 110 ± 46* 357 ± 83* 486 ± 146 241 ± 63*
Radial
Peri-patch septum 147 ± 49 353 ± 91 464 ± 136 329 ± 99
Remote septum 164 ± 20 349 ± 109 460 ± 138 265 ± 78*
* p < 0.05.logy 61 (2013) 354–358 357
are homogeneous from the base through the mid and apical sep-
tum [6,16]. Myocardial ﬁber lengthening during diastole results
in positive SR and ε, in apical four-chamber view. Radial ε values
measured from parasternal views demonstrate thickening during
systole (positive SR and ε) and thinning during diastole (negative
SR and ε).
This study investigates regional myocardial deformation adja-
cent to VSD patch in comparison to the more distal septal
myocardium. The peak value of longitudinal systolic SR, magni-
tude of peak longitudinal ε were greater in magnitude and more
variable than normal values for the mid  septum in 4–16 year olds
reported by Sutherland et al. [16] (Table 1). ε values are less vari-
able and are closer to the published longitudinal normal values
for 4–16 year old children. Interestingly, values of longitudinal SR
and ε of the “normal” remote myocardium were greater and more
variable than published normals for 4–16 year olds [16]. Increased
variability in our study may  be a result of smaller sample volume
used and perhaps postoperative changes. The greater magnitude
of SR and ε as compared to the published normal values may  be
related the younger age population studied in this investigation.
The pediatric normal strain values reported by Weidemann and
Sutherland’s group [17] are greater in magnitude to those authors’
reported adult normal values of longitudinal SR −1.4 ± 0.1 s−1 by
Voigt et al. [18], and ε −19.4 ± 3.3% by Garcia’s group [19] (Table 1).
It is likely that this trend may  continue throughout infants and
younger children.
The results of this study demonstrate that the abnormalities of
myocardial contraction of the peri-patch are remarkable in both
longitudinal and radial direction (Table 2). It is noteworthy that, in
most patients, mean values of the peri-patch region are similar and
not different statistically from that of remote “normals”. A small
number of values are signiﬁcantly different and may  represent a
more dramatically effected subgroup.
In this study, the myocardium adjacent to a VSD patch had
decreased maximal systolic SR (contraction velocity), delayed and
diminished absolute ε as compared to remote myocardium. For-
tunately, in this study group of patients, abnormalities tended to be
small and to normalize a short distance from the patch. However,
degree of variation of SR and ε from the “normal” remote region
is variable with a small proportion of patients demonstrating sub-
stantial differences. While it would be interesting to investigate the
causes for the acute changes of peri-patch myocardium, this was
not possible in this study due to the small patient population. A
detailed investigation of peri-patch myocardial function in a large
patient group may  provide insights into the causes of substantial
ventricular dysfunction, which occasionally occurs in some patients
after VSD repair.
Myocardial regional abnormalities have been best described
related to ischemic heart disease [20]. Myocardial infarction
induces a delay in the onset of contraction, a progressive decrease
in the rate and degree of thickening, and a progressive delay in
the timing of peak thickening until this event occurs in what early
diastole is for the surrounding non-ischemic myocardial segments
[21,22]. It is interesting that peri-patch contraction abnormalities
are similar in character, but seem to be less in degree to those of
ischemic myocardium. One is tempted to surmise that impairment
of perfusion related to the VSD patch and sutures likely occurs.
Just as likely, scarring and ﬁbrosis, which may  only be in part
perfusion-related, contribute to abnormalities in regional myocar-
dial function. Certainly, the effect of tethering of myocardium to a
paradoxically moving patch is not well understood. The mechanism
of peri-patch myocardial impairment is likely myriad.However, the difference in SR in the radial direction is most sub-
stantial. This may  be partially explained by the difference of the
architecture of the myocardial ﬁbers. Although the septum con-
sists of a mixture of longitudinal, oblique, and circular radial muscle
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bers, in diastole, the circular radial muscle ﬁber may  be a domi-
ant deformation component in the ventricular septum. This result
s similar to the report of the compensatory augmentation of radial
train attenuation in hypertrophied hypertensive heart [23].
The duration of bypass time may  inﬂuence this peri-patch
yocardial deformation. Understanding the long- and short-term
ffects of myocardial injury by sewing method or patch placement
ould potentially facilitate improved surgical techniques.
In summary, the peri-patch myocardium demonstrated that not
nly systolic contraction is delayed and diminished to variable
egrees as compared to the remote myocardium, but also diastolic
elaxation was diminished and delayed in the peri-patch region.
imitations
The lack of published normal myocardial ε values for this patient
roup required use of more distal, likely unaffected myocardium for
normal” comparison.
Measures of SR and ε using current technology are typically
imited by image and signal quality. The SR signal tends to be nois-
er than ε, and the determination of peak value can be difﬁcult
1–7,23–25]. Measures in this study used a small sample volume to
dentify local myocardial function and to limit the direct effect of
he patch on peri-patch measures. This likely led to larger variability
n measures.
onclusions
Peri-patch myocardium after repair of VSD has delayed and
iminished contraction and contraction velocity as compared to
ore remote myocardium. This effect seems most pronounced in
he radial direction. Motion pattern returns to remote proﬁle at a
mall distance beyond the patch.
The peri-patch septal myocardium contracts in a manner with
esser magnitude than that of hypokinetic myocardium of myocar-
ial ischemia.
In the near future, the successive change of this regional myocar-
ial function should be observed for appropriate quantitative
ssessment over time after patch repair operation.
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